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Atomic substitution. l’hc theoretical forlnu]a for

\

n] ntll~orillonitc without structural substitutions is
(0 I)4Si8A14020.n}120  (intcrkryer). IIowcvcr,  rnont-
mo “Ilonitc always ctif~crs from the above thco[ctical
forll lia bc.cause of structural substitution, In tbc te-
trahe ral sheet, aluminum and possibly phosphorus
substi UIL- for silicon, whereas ions such as nmgnc-
siun}, on, and lithium sLlbstilutc fur aluminum in oc-
tatmba  coordination. I’otal rcplamncnt  of alun]inurn
by ]nag~ csiunj yickls the mineral saponitc; rcpklce-

\

mcnt of aluminum by iron yields nontronitc. If all
octahedra positions are filled by ions, the mineral is
trioctahcd d; if only two-thirds are occupied, the
mineral is ioctahcdral.

\

“Ihc mon norillonite structLlre is always unbalanced
by the sLlbst Iutions noted above. The rcstrlting posi-
tive net char IC deficiency is balanced by cxchange-
ab]c cations dsorbcd between the ul]it laycl(: and
around their e. grx. “1’hc catiomcxchangc  capac]ty of
mrmtmorillonit  is normally quite high (1005 n]illi -

\
equivalents per 00 g) and is not appreciably affected
by particle siT,c Substitutions within the strL]ctLm

\
cause ahoLlt  8070 f the total cxchangc capacity, and

tmkcn  bonds arc .esponsiblc for the remainder.

\

Other properties Montmorillonitc particles are ex-
tmne]y  smrdl and nay fL]rther dispmc in water to
units approaching SI Igle-cell-layer  dimensions. Most
]]~o]lt]~]orillollite  uni s are cquidimcnsional  f lakes .
1 lowevcr, nontronitc ends to occur in elongate lath-
shapcd units, and hcct rite, the fluorine-bearing nlag-
ncsiun-rich  montmoril  mile, is found in thin laths.

kI’here is general agrc nmt that the adsorbed intcr-

\

layer water between the ilicatc  layers has some sort
of dctinitc config Llration, Ltt the precise nature of this
configuration is not agree upon. The extent and na-
ture of the. orientation of hc adsorbed water var-ics
with identity of the adsorbc cations.

When n]ontmorillonitc  is ehydrated, the intcrlayer
water’ is lost at a relatively low tcmpcraturc (212-
390°1: or 100- 200”C).  ‘f’hc oss of structural (0} I)

, water begins grwiually at a/bLtt 840 930°1: (450-
5000c), ending at 1110- 1290°~  (600- 750”C). I’hese

\tcrnpcl at Llrcs vary with the type and amount of strLrc-
turtil substitLltirm. ‘f’hc struc[Llro o f  montrnorillonitc

\

usually persists to ternpcraturcs o‘ the order of 1470-
1650°1; (800- 900°C). On further eating nlontn~oril-
]onite, a variety of phases form, sLlrh as mullitc, cris-
tobai ite, and cordie rite, de.pending 0[) the composition
and strL]cturc prior to fusioli at 183/1 2700°1; (100-
1500T). i

Organic ionic compounds enter into  cation-cx-
charrgc reactions with rnonlmorillonitc,: Polar organic
collqmunds, like glycerol, react by replacing the iw
tcrlaycr water, causing a shift in the c-a$is spacing of
the. rnontrnorillonitc  units. ‘1’bus, the ide titivation ofT
n~ontrnorillcrnite  by x-ray diffraction is grfatly sirnpli-
fkd by prelirninal-y  treatment with cerlain’’,organic  re-
agents. The reaction of rncmtrnorillonite abd organic
material is the base of considerable econori]ic usc of
I]lorltrl]c)rillc)rlltc clays.

Occurrence. Members of the nlontrnorillor~~c  group
of clay mincrtils vary gtcatly in modes of foi~l]ation,
Alkaline conditions and the prescncc of magnesium
}mrlicLllarly  favor tbc formation of these minerals.
Montmorillonites are stable over a wide temperature
range and have formed by low-tenqJcratLme hydrother-
mal processes, as WC]] as by weathering proces>cs.
Several important modes of occurrence arc in soils,
in bcntonitcs, in mineral veins, in marine shales, apd
as alteration ptod L!cts of other rnincra]s. Recent sedi -

cnts have a fairly high rnontrnori]lonite content. SM.
fit. .vii[; (.’LAY MiNt.RAIs; MA IUNfi. Sb,r)[.+rt,h’’[s.

Floyd M. Wahl;  Ralph E. Grim

Monzonite “-

A phancr itic (visibl
~\

rystalline) plutonic rock con]-

i
p o s e d  c h i e f l y  o f  soclicagroclase (Oligoclase or ar].
dcsinc) and a lkal i  fe]dsp r (rnicroc]inc ortboclasc,
usually pcrthitic),  with subo~i[late  amounts of dark-
colorcd (rnafic) rr]incrals (biotit~;~~~p}~ibole, or py -
roxenc). Monzonitc is more or less ntcrrncdiate bc-

\twccn sye.nite. and diorite.. Plagioclas ,is d o m i n a n t
over alkali feldspar in nmnT.  onitc bLrt is subordinate to
alkali feldspar in sycnite. I)iorite  contains little, or no
alkali feldspar. SF,F s’~~m~.

Carleton A. Chapmq

MOon
‘f ’he Iiarth’s natLlral satellite. United States and Soviet
spacecraft have obtained lunar data and samples, and
Americans have orbited, landed, and rovccl Lrpon the
Moon (1~’ig. 1). I’bough the first wave of exploration
has passed, it left a store of inforniation whose nlcarl-
ings arc still being deciphered. Many of the Moon’s
properties arc now well undcrstooct, but its origin and
relations to other planets remain obscure. I’heorics of
its origin include: indcpcndcnt condensation and then
capture by the liarth; formation in the same cloud of
prcplanetary matlcr with the E2rrth; fission from the
Iiar-th;  and fcmnation after the impact of a Mars-siTcd
body on the proto-l,arth.  Because many of the
Moon’s geologic processes stopped long ago, its sLm-
fzice prcscrvcs a record of vcr-y ancient events. }Iov,,-
cvcr, because the Moon’s rocks and soils were re-
worked by gccrchernical  and impact processes, their
orir, ins arc partly obsc Llrcd, so that v,,orking out the
Moon’s early history remains a fascinating puz,zlc,
hfiajor Chardctc.ristics  of the Moon arc listed in
‘1’able 1,

‘1’hc  apparent nlotions of the Moon, its waxing and
waning, and the visible markings on its face (Iig. 1),
atc rctlccted in stories and legends from every early
civilization. At the beginning of rtcordcd  history on
tbc. I\al-th, it was already known that time could bc
reckoned by observing the position and pha$es of the
Moon. Atlcnlpts to reconcile the repetitive but incorn-
lllCl\SLl{tItC motions of the Moon and Sun led to the
construction of calendars in ancient Chinese and Mc-
sopotarni:irl societies and also, a thoLrsand  years later,
by the Maya. By about 300 1].c., the Babylonian
astror]ol]lcr-priests h a d  accun]Lrtatcd long  spans
of observational data and so were able to predict
eclipses. Major events in the sL!bseque.nt  development
of hL]n~an  know]cdgc  of the Moon arc surumariz,cd in
Table 2.

Space flight experiments have now confirmed and
vastly extended understanding of the Moon; however,
tllcy have also opcrred many ncw clLmstions for fLltLllC
ILlnar explorws.

Motions. The Earth and Moon now make one rcv-
olLltion about their barycentcr, or common center of
mass (a point aboLll  2900 mi or 4670 krn from the
Iiarth’s center), in 27~ 7h 43”’ 11.6’. ‘l’his sidereal pe-
riod is slowly lengthening, and the clistancc (now
about 60.27 car(h radii) hctwccn centers of mass is
incrcasingj bccausc of tidal friction in the oceans of
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Fig. 1. Map of near side of Moon, showing principal features and American and Soviet landing sites,

Table 1. Characteristics of the Moon

Mean density
Mean surface gravity
surface escape velocity
Atmosphere

Magnetic field

Dielectric properties

Natural radioactivity

Seismic activity

Heat flow
Surface rxxnfxsifion  and properties

Rocks

Surface tomporature range

.-

?180 rrli (3476 kn])
1/81,301 Earth’s mass, or 1.62 x 10’3 lb (7348 x 10” f(g)
0.604 Earth’s, or 209 lb/ft3 (3.34 g/cm3)
0.165 Earth’s, or 5,3 ft/s2 (162 cm/s’)
0.213 Earlh’s,  or 1.48 mi/s (2.38 km/s)
Surface pressure 10-12 torr (1.3 x 10-10 Pa); hinls of some charged dust particles and

occasional venting of volatiles
Dipole field loss than -0.5 x 10-5 Earth’s; remanent magnetism in rocks shows past

fteld was much stronrmr
Surface materiaf has a~parent dielccbic constanl of 2.8 or less; bulk apparent

conductivity y is 10”5 mho/m or loss
Mainly duo to solar- and cosmic-ray-induced background (shout 1 millircmntgen par hour

for quiet Sun)
Much Iowor than Earth’s; doop moonquakes occur more frequently when the Moon is

near perigee; subsurface Iaver evident
3 x 10-2 W/m* (Ape/h 75 si~e)
Basic silicates, three sites (lath 4); some magnetic material present; soil grain size is

2.60 ~nl and 50CZ is IOSS  than 10 ~m; soil-bearing strength 15 Ibfin.z (1 kg/cm2) at,
depth of 1-2’ in. (a few centimeters)

All sizes up to tens of meters present, concentrated in strewn fields; rock  samples from
Mare Tranquillitafis  include fmo- and medium-grair]ed igneous and breccia

At equator 2WF (400 K) at noon; 315 to - 280”F (80- 100 K) night minimum;
‘ 3 fl (1 m) below surface, -45 V (230 K); at poles - 280”F (-- 100 K)
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Ihc I h(}).  I’hc ticfal bulg,cs r a i s e d  by lhc hloon e!c
driiggcd eastward  by ttw l;,arlb’s daily rotaliot), ‘1’hc
displaced wrtcr masses exert a glavit:iliona] force 01)
IIic Moon, with a ccrmpcmcn( along its direction of
nmtioll, causing the Moon to spiral slowly ou[wald.
‘1’hc hkm, through this same tidal friciion, acts to
slow the Itar[h’s rotalion, Ienglhcnin. g the day. Ticlal
effccls  on the Moon itself have caused its rotation to
bccomc synclnonous with its orbital pcriocl,  so that it
always turu~s the same face towarci the I tat Ih.

I’racing lunar motions backwad  in tinm is very dif-
ficult, because small CIJ ors in the rcccnt clata prora-

table 2. Growth of human understanding of the Moon
-..
Prehislory

-300 B.C.

‘- 150 B.C.

‘- A.0, 150

-700
--1600

1609

1650

1667

1687

1692

1700-1800

1800-1920

19?4

19?7- 1930

1946
1950-1957

1959

1960

Markings and phases observed, legends
created connecting Moon with silver, dark
markings with rabbit (shape of maria) or
with mud.

Apparent lunar motions recorded and
forecast by Babylonians and Chaldeans.

Phases and eclipses correctly explained,
distance to Moon and Sun measured by
Hipparchus,

Ancient observations compiled and extended
by C. Ptolemy.

Ephemeris refined by Arabs.
Empirical laws of planetary motion derived

by J. Kepler.
Lunar craters observed with telescopes by

T. Harriet and Gafileo.
Moon mapped by J. Hevelius and G.

Ricclofi; features named by thorn in
system still in use.

Expwimonts by R. Hooke simulating
cratering through impact and vulcanism.

Moon’s motion ascribed to gravity by 1.
Newton.

Empirical laws of lunar motion statad by
J. D. Cassini.

Lunar Vibrations measured, lunar ephemeris
computed using pwturbation theory by T.
Mayer, Secular changes computed by
J. L. Lagrange and P. S, do Laplace,
Theory of planetary evolution propounded
by 1. Kant and Laplace. Many lunar
surfact? features described by J. H.
Schroeter and other observers.

Lunar motion theory and observations
further refined, leading to understanding of
tidal interaction and irregularities in Earth’s
rotation rate. Photography, photometry,
and bolometry applied to description of
lunar surface and environment. Lunar
atmosphere proved absenl New
disciplines of geology and evolution
applied to Moon, providing impetus to
theories of its origin,

Polarization measured by B. F. Lyot,
showing surface to be composed of small
particles.

Lunar day, night, and eclipse temperatures
measured by E. Pettif and S B.
Nicholson.

First rader return from Moon.
New photographic lunar atlases and

geologic reasoning; renewed interest in
theories of lunar origin by G. P. Kuiper,
H, C. Urey, and E. M. Shoemaker. New
methods (for example, isotope dating)
applied to meteorites, concepts extended
to planetology of Moon. Low subsurface
ternporatures confirmed by Earth-based
microwave radiometry.

Absence of lunar magnetic field (on sunlit
side) shown by Lurra 2.

Eastern far side photographed by Lurra 3.
Slower cooling of Tycho detected during
lunar eclipse.

g:itc IhIough the Icngthy calcula[icms, and bccausc tl]c
Ilarlh’s own nmll]cld of inct tia may not baw  been
ccms[ant owr gywlop,ic t i m e .  Nevu[belcss,  the  at-
tcti)pt is being made by using diverse clata soLItccs,
such as the old Babylonian eclipse records and tbc
growth rings of fossil shcllfrsb. At its present rate of
dcpat tutc, the Moon woulci have been c]uite ckrsc to
the ~ki[lb about 4.6 X 10[) years ago, a tinle which
other cvidcncc sup:csts  as the apl)[oxinlatc epoch of
formation of tbc 1 ‘.arlb.

The Moon’s present orbit (Hig. 2) is inclinccl about
S 0 to tbc plane of thr ecliptic. ‘1’abk 3 gives tile di-

1W31

1962

1964

1965
1966

1967

1968

i 968

1969

1969 1972

1975

1982

1983

—.

United States commitment to crewod lunar
flight.

E arlt\-Moon mass ratio measured by
Mariner 2,

High-resolution pictures sent by Ranger 7.
Surface tenlperatures during eclipse
measured by Earth-based infrared scan.

Western far side photographed by Zond 3.
Surface pictures produced by Luna 9 and

Surveyor 7. Radiation dose at surface
measured by Luna 9. Gamma radioactively
measured by Luna 70. High-resolution,
broad-area photographs taken by Lunar
Orbiter 1. Surface .sIrength and density
measurements ma do by Luna 13.

Mare soil properties and chemistry
measured by Survayor 3, 5, and 6, Wholo
front face mapped by Lunar Orbiter 4,
sites of special scientific interest examined
by Lunar Orbiter 5. Particle-and-field
environment in lunar orbit measured by
Exp/orer 35,

Highfand soil and rock properties and
chemistry measured by Surveyor 7. Mass
concentrations at circular maria
dmcovored.

Astronauts orbit Moon, return with
photographs,

Astronauts land and emplace instruments on
Moon, return wit}) lunar samples and
photographs.

Lunar seismic and laser retrorefloctor
networks established. Heat flow measured
at two sites. Romanent magnetism
discolored in lunar rocks, Geologic
traverses accomplished. Orbital surveys of
natural gamma radioactivity, x-ray
fluorescence, gravity, magnetic field,
surface elevation, and subsurface
electromagnetic properties made at low
latitudes. Metric mapping photos obtained.
Samples returned by both piloted (United
States) and automated (Soviet) missions;
sample analyses confmned early heating
and chenlical differentiation of Moon, with
surface rocks enriched in refractory
elements and depleted In volatiles. Age
dating of lunar rocks and soils showed
that most of tho Moon’s activity
(meteoritic, tectonic, volcanic) occurred
more than 3 x 10g years ago,

Giant-impact hypothesis for lunar origin
advanced by W. K. Flarbnann and D. F].
Davis,

Earth.based spoctrometry  reveals mineral
variations over Moon’s near side; central
peaks of crater Copernicus found to be
rich in ollvino.

Aniarctic n!eleorite, ALIIA  81005, proved to
have corno from the Moon.
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F;ARTN ROIAIION ANL) ORRTTAI,  M O T I O N; ORBIT AI, M O T I O N.

When the lunar line of nodes (1’ig. 2) coincides
with the direction to the Sun. and the Moon hamcns

ecliptic pole

1 . .
to bc near a node, eclipses can occLlr. Because of the
18.6-year rcgmssion of the nodes, groups of eclipses
recur wilh this period. when  it passes thiough  the
Iiarth’s shadow ~n a lunar eclipse, - the Moon r&lains
dimly visible becaLlsc of the reddish light scattered
through tbc atmosphere around the limbs of the l~arth.
When the Moon passes bc.twccn  the I;arth and Sun,
the solar eclipse may be total or annLllar.  As seen
from h2rr[h,  the angular dianwter of the Moon (3 1‘) is
aln]ost the same as that of the Sun, but both apparent
diarnc(ers vary because of the ccccntricitics  of the or-
bits of Moon and I{arth. }{clipses ate annular when
the Moon is near apogee and the I;arlh is near peri-
helion at the tirnc of eclipse. A partial solar eclipse is
srxn  fron] places on Itarth that arc not directly along
the track of the Moon’s shadow. SF:t. F; CMPSE.

I’he Moon’s polar axis is inclined slightly to the
pole of the ILlnar orbit (1’ig. 2) and rotates wit}l  the
same 18.6-year period about the ecliptic pole. I’hc
rotation of the. Moon about its polar axis is nearly
uniforn], but its orbital motion is not, owing to the.
ftnitc eccentricity and Kepler’s law of equal areas, so
that tbc face of the Moon appears to swing cast and
west about 8° from its central position every month.
I’his is the apparent libration in longitude. The Moon
dots rock to and fro in a very small oscillation about
its mean rotation rate; this is called the physical libra-
tion. I’bcre is also a libration in ]atitLldc bccausc of
the inclination of the Moon’s ~olar axis. l’hc litrra-
tions make it possible to see. about 59% of the Moon’s
surface from the P.arth.

l’hc lunar ephemeris, derived from prccisc astro-
non~ical observations and refined through lengthy
computations of the effects perturbing the ruovements
of the Moon, has now reached a high dcgwc of ac-
curacy in forecasting ILlnar nlotions and events such
as eclipses. I.aser ranging to rctroreflc.ctors Iandcd on
the Moon, aided by radio ringing to spacecraft, pro-
vides n]casurernents of Iiarth-Moon distances to a
precision of the order of nuXcrs. SFF  }’iruuwrA7/oh’
(AS, RONOhfY).

Selenodesy.  The problem of dc[erlnining the
Moon’s true size and shape and its gravitational and
inertial properties has been under attack by various
rncthods for centuries (’I’ables  1 and 2). However, re-
sults from space flights have invalidated some of the
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Fig. 2. Sketch of Moon’s
<.. lunar line of nodes

orbit. lunar line of apsides

rnemsions of the orbit (in conventional coordinates
with origin at the ccntcr of the I;arth, rather than the
Iiardl-Moo nbaryccntcr). Asarcsult ofdiffcrcntial  at-
traction by the Sun on the liarth-Moon systcrn,  [Ilc

Moon’s orbital plane rotates slowly relative to the
ecliptic (the line of nodes regresses in an average pe-
riod of 18.60 years) and the Moon’s apogee and pcr-
igecrotatc  slowly in the plancof tbc or-bit (thclincof
apsides advances it~a period of 8.850 years). l,ooking
dow non the system from tbcnor[h,  the Moon moves
counterclockwise. It travels along its otbit at an av-
erage speed of ncady 0.6 n]i/s (1 kn]/s) or about 1
lunardiarmtc rpcrhour; assccnfron~}iarlh,  itsmcan
motion eastward among the stars is 13°11’ per day.

As aresult ofthcliard] ’sannual  n]otion aroundthe
Sun, the direction of solar illumination changes about
1° pcr diy, so the ]Lmar phases do not repeat in the
sidereal period given above but inthesynudic period,
which averages 29d 1 2h 44”’ and varies sornc 13 h
because of the eccentricity of the Moon’s orbit. SF:F.

,.,
4
,

-.—~——— :

V a l u e s
————— 3

Table 3. Dimensions of Moon’s orbit
.———.. —.—. ..——.. . .. —- —.. ——. —— . . . . . . . . . . . .

Characteristics
--- .—

Sidereal period (two period of rotation and revolution) (27.32166140+  0.000000167) ephemeris days, where Tisln ~
centuries from 1900

Synodic period (new Moon to new Moon)
Apogee

(29.5305882+  0.000000167) ephemeris days
252,?O0 mior406,7rXr  km(largest);  2 5 1 , 9 7 1  mlor405,506km $

(mean)
Perigee 221,500 mlor356,4M km(smallest);  2 2 5 , 7 4 4  mior363,3~km ;

Period of rotation of parigee
(mean)

8.8503years  direti('`direct'  'meaning that themotion  Ofperigee iSin
tha direction of Moon’s motion about the Earth)

18.5995 years
0.054900489 (mean)
5“8’43’  (oscillating f9’with poriodof173 days)

,’

Maximum 26035’, minimum 18°21’

Period of regression of nodas
Eccentricity of orbit
Inclination of orbit to ecliptic
Inclination of orbit to Earth’s equator
Inclination of lunar equator

to ecliptic
to orbit

———-— .-. —
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.,
premises on which the earlier methods were based,
and have rcvcalccl discrepancies in the older data. l’hc
relation bctwccn the Moon’s shape and its n)ass dis-
tribution is very important to theories of ILmar origin
and the history of the Iiarth-Moon system. Radio-
tracking data from 1.unar Orbitcrs indicate that the
Moon’s gravitational field is ellipsoidal, with the.
slum L axis being the polar onc (as cxpcctcd for any
rotating body), and with the equatorial section being
an ellipse possibly slightly clrmgatcd in the I;aT th-
Moon direction. }lut the }tarlh-based radar nwawrrc-
mcnts ancl tracking da(a from Rangers and Surveyors
showed that the Moon’s actual surface at the poil]ts
of landing is about 1.2 mi (2 kn~) farther from tbc
Rarth than expcctcd. Further evidence of an anon) a-
Ious relationship bctwccn mass and shape for tbc
Moon is provided by the mass concentrations in cir-
cular n~aria, discovered through analysis of short-tc.rm
variations in the 1,unar Orbiter tracking data and then
mapped in detail by Apollo tracking (SCC Fig. 3). By
mdio altimc.try, Apollo ccrntlr[ncd that the Moon’s
surface on the far side is higher on the average than
the near side; that is, the center of mass is offset from
the ccntcr of figure. The offset is about 1.2 mi (2 km)
toward the Earth. lhcsc observations suggest that the

Moon’s CrUSt is thicker on the far side than on the
near side, as shown (not to scale) in Fig. 4. SF,F. SPAcri

r’Ronh
Body properties. The Moon’s small siim and low

rncan density (1’able 1 ) result in surface gravity too
low to hold a permanent atmosphere, and therefore it
was to bc expcctcd that lunar surface characteristics
WOU1 d bc very different from those of Barth. How-
ever, the bulk properties of the Moon are also quite
different--the density alone is evidence of that-–and
the rrnravc]ing of the Moon’s internal history and con-

. stitution is a great challenge to planctologists. SEE
~:AR7tl.

‘1’hc Iiarth,  with its dense rnc.tallic fluid core, con-
vective n~antlc,  strong and variable magnetic field
with trapped radiation belts, wicicspread seismic trcn~-
ors, volcanoes and folded mountain ranges, moving
lithospberic plates, and highly differentiated radioac-
tive rocks, is plainly a planet seething with inner ac-
tivity. IS the Moon also an active, evolving world or
is it something very diffwent? The answer lies in a
group of related cxpcrin~ents: seismic investigations,
heat-flow nlcasurernents, surface rnagnctic and grav-
ity profiles, determination of abundances and ages of
the radioactive isotopes in ‘lunar material, and con~-
parison of the latter with those found in the Fiarlh and
n~ctcorites. F’resent theories and experimental data
yield the following clues to the problem.

1. ‘l’he Moon is too small to have compressed its
silicates into a metallic phase by gravity; thcrcforc,  if
it has a dense core at all, the core should be of nickel-
iron. But the low mass of the whole Moon does not
pcrtnit a large core unless the outer layers are of very
light material; available data suggest that the Moon’s
iron core may have a diarnetcr of at most a few
hundred kilometers.

2. I’he Moon has no radiation belts, and behaves
as a nonconductor in the presence of the interplane-
tary field. Moon rocks are n~agrlcti  T.cd, but the source

of the magnetism remains a mystery as there is now
little or no general lunar n]agnctic field.

3. I’hc Moon’s natural  radioact iv i ty  f r o m  long-
]ived isotopes of potassium, thorium, and uranium,
expcctcd to provide internal heat sufficient for partial
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$ 15° N>>,.-
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3 0 ° s

4 5 ° s L-- ..-—— —...___
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l_~200+  regal ~ ~+] 30 to 50 rngal ~~~ -50 to --]00 n,gal

[]50to 100mgal [1:]] -30to-50mgal ~.!j -  1 0 0 +  r e g a l

Fig. 3. Gravity anomalies on the lunar naar side and limb regions. 1 mGal =
gravitational accelaratlon  of 10-s m/s2 = 3.3 x 10-s ft/s.  Circulsr  areas correspond to
mass concentrations in circular maria,  (W. L. S/ogrerr, Jet Proprr/slon  Laboratory, NASA)

melting, was roughly measured from orbit by 1.UM
10, and the component above the cosmic-ray-induced
background radiation was found to bc at most that of
basic or trltlabasic earthly rock, rather than that of
more highly radioactive, diffcrcntiatcd rocks such as
granites. A])ollo 11 and 12 rock san~plcs contirmcd
this result; Apollo 15, 16, and 17 rnappcd lunar conl-
position and radioactivity from orbit (I~ig.  3). X-ray
experiments showed higher aluminum-silicon concen-
tration ratios over highland areas and lower values
over maria (Fig. 5), while magnesium-silicon ratios
showed a converse relationship higher values over
ruaria and lower values over highlands.

4. ‘1’hc  Moon is seismically much quieter than the
I{arth. Moonquakcs are small, many of them originate
deep in the interior (Fig. 4), and activity is corlekrted
with tidal stress: more quakes occur when the Moon
is near pcrigcc.

When all of the Apollo observations are taken to-
gether, it is evident that the Moon was melted to an
unknown depth and chcmical]y diffcrcntiatcd about
4.5 X 109 years ago, leaving the highlands relatively
rich in aluminum and an underlying mantle relatively
rich in iron and magnesium, with all known lunar nla-
tcrials depleted in volatilcs. The subsequent history of
impacts and lava flooding includes further episodes of
partial melting until about 3.9 x 109 years ago, with

Fig. 4. Schamatic  diagram
of lunar structura.  Ttra
near aide of the Mocm la
to the left of the figure.
1 km = 0.6 ml. (After S. fit
Taylor, Lunar  Sc/ence:  A
Post-Apo//o  Wew, Perga-
mon Press, 1975)
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known Ica$on, the Moon’s far side consisls mainly of
highlands (Fig. 7). Both maria and highlands ate cov-
crccl with c[atcrs of all sizes. Craters are more nu-
nw-ous  in tbc highlands dmn in the maria, except on
tlm stccpcr slopes, wbcre downhill movement of nm-
tcrial apparently tends to obliterate thcm, Numerous
differen( types of cmters can bc rccogniz.ed. Some of
thcnl appear very similar to tbc c[atcrs rnadc by ex-
plosions on (be Harth; they have raised rinls, sonm-
tirncs have central peaks, and al-c sunouncicd by fields
of hummocky, blocky cjccta. Otbms  ale rilolcss a n d
tend to occur in lines along cracks in the lunar sur-
face. Some of the rimless craters, particularly those
with dark halos, may bc gas vents; otbcrs may bc just
die result of surface material funnelin~ down into
suErs LlrP~cc voids. hlost prominent at fLl]l nloon arc tbc
bright ray craters (lig. 1 ) whose .gtayisb ejccta appear
to have tl tivclcd for hundrecls  of kilometer-s across the
ILlnar surface. Observers have long recognized that
some erosive process has been and rosy still bc active
on the h400rl. l~or exarnp]e, when c1 aters ovcr]ap so
that their relative ages arc ewidcrrt, tbc yoLlnScr  ones
arc seen to have sbaqmr outlines than the older ones.
Bornbardrocrlt of tbc airless hfoon by meteoritic nlat-

tbc fins] result being a thick, rigid clL]st  with only
minor eviciencc of recent basaltic CXlrLrSkHIS.  ‘1’hc
tcrnpcratLlre profile and physical properties of tbc
hloon’s deep intcriol arc, despite the Apollo scisrnic
and heat-flow data, urrder active debate. F’igrrrc  4
shows a rough sketch of the Moon as revealed by the
data.

Large-scale surface features. As call bc seem frorl~
tbc Iiarth with tbc unaided eye, tbc Moon has two
major types of surface: tbe dark, smooth maria and
the ligbtcr, rou.gbcr  highlands (l~ig. 1 and Fig. 6).
Photography by spacecraft shows that, for some url-

Fig. 6. Map of far side of Moon.

Fig. 7. Mare Taiolkovski  on far side of Moon. Crater, partly
flooded by dark mare ma!erlal,  Is about 120 ml (200 km)
across. (Langley Research Center, NASA)

tcr and solar particles, and extwrnc ten~peratLwc cy-
cling, are now considered the most likely erosive
agents, but local internal activity is alsc) a possibility.
Rocks relLlrned  by the Apollo astronauts arc covered
with tiny glass-lirrcd pits, confirming erosion by small
bigb-speed parlicles,

‘l’he ]urlar rl~oLlntains, thoLl,gh  very high (26,000 ft
or 8000 nl cw nmrc), arc not extrcn)ely steep, and
ILlnar explorers sce rolling ratbcr than jagged scenery
(Fig. 8). ‘1’here arc steep slopes (30 4tY) on the in-
side walls and central peaks of recent craters, where
tbc lunar material appears to bc rcslio8 at its rnaxi-
mutn angle of repose, and rocks can bc seen to have
rolled down to the crater bottoms.

“J’hoLlgh widespread networks of cracks ale visible,
there is no evidence on the Moon of the great moLlrj-
tain-builditlg  processes seen on the IIarih, ‘1’here arc
sonic low dorncs sLrggcstivc of vo]canic activity, bLrt
the higher mountains arc all parl of the gently rolling
highlands  or dlc vast circular str Llchrrcs sLtrlourldir~g
major basins, Vigurc 9 show’s one of tbcse, the h~arc
Oricntalc,  as revealed by I.r(nar Otbifct 4. “l’his large
conccnt[ic stlucture is almost invisible from I;arlh bc-
caLlsc it lies jLlst  past the hfoon’s western lin]b; at
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favorab]c libations parts of its basin and mountain
ramparts can bc seen. l’hc great region of radial
sculplurc sur!oundirrg the Oricntalc  bas in  s t rong ly
suggcs[s  a catastrophic origin, with huge masses of
nud(cr [brown outward from the center. Note, how-
CVCI-,  tbc gen[lc appcariince o f  tllc flooding b y  [bc
dalk nmrr llmterial, which seems to lic only in the
1OWCS(  parts of [he concentric rings, C)lher  basins,

namely, lmbrium, Scrcnitatis, and Crisium, appear
nmrc fLllly floocicd (l;ig,, 1). ‘1’hcsc rnal-ia were clcatccl
by giant impac(s, followed by subsidence of the ejccta
and (plobab]y much Ialcr) upwclling  of lava from in-
sicic the Moon. Ilxamination  of small variations in
1,Llllar Orbiter motions has rcvcalcd that each of the
&VCal  circulal  maria is tile sile of a positive g[-avity

anrmmiy  (excess nmss), shown in I~ig. 3, I’he o“ld ar-
gun)cnl aboLlt  impact vcmus volcanism as the prinlary
a~,cnt in forlning the ]unal- relief, rcflcctcd in ]unar
Ii[craturc over the past 100 years, appear. to bc cntc~-
ing [i new, nlorc compiica[cd phase with the confir-
nmtion  of cxtcnsivc floociing of inlpact cr:itcrs by lava
on the Moon’s near sicic, while on the far side, where
tbc crust is thicker, the great basins rwnain mostly
empty.

Fig. 8. The craler  Copernicus, showing the central peaks,
slump terraces, patterned crater walls, and (background) ,
slopes of the Carpathian  Mountains. (Langley Research
Cenfer,  NASA)

in SOIIIC of the Moon’s mountainous regions bor-
dering, on tbc maria arc found sinuoLls  rillcs (l~ig.  10), .
‘1’bcsc winditlg valleys, son]c of thcm known since tile
cigbtccntil centuly, wcm shown in lunar Orbiter pic-
tutcs to hfivc an cxquisile fineness of cictail, Sonic of
timnl ol igillate in small cilcular pils and then wligglc
(iclicatcly acloss tiw Moon’s  gent le  s lopes  for
hundlcds of kilometers, clctouring  arcronci  even slight
obstactcs,  before vanishin~,  011 the plains, ‘1’houg,h

tllcil resemblance to mcandcritlg,  rivers is strong, the
sinuous rillcs have no tribLltalics  or deltas. No expla-
Ilation fol ttlcltl yel offered (for exanl])]c, dLlst flov,,s,
Iavii chanl]cls, or subsurface ducts made by water
eroding ice) hzs proved entirely convincing,.

(Nbcr stlanr,c large-scale featLlrcs, obscrvcci  by tcl-
cscopc anti then rcvcalcd in more detail by spacecraft
L’alllclas, alc tlIc ghrh[ C1-atcrs, cilcu]ar stluc(urcs prcv
huding sligi]tly from tbc maria, and the low, rto})y
V.’litlklc  ridg,es that s(rctci] for hondrcds  of kilon]c(crs
around some mare bor(icrs.

SffIall-SCale SUrfaCr3 featffreS. C a r e f u l  observa-
tions, SOIIIC  of tbc]]) rmrdc clcca(ics before  tile bcgim
Ilill~ of sp:icc flight, rCVCalCd  much about tile firW-

tometry, polarimctly,  and later mdiornctry  and radar
probing .gavc the early fine-scaic dala, Sornc results
of these investigations suggested bizarre characteris-
tics for the Moon. Ncvcrthclcss,  many of tilcir finci-
ings have now been confirmed by spacecraft: I’hc

Fig. 9. Mare Orientale.
(Lang/ey Research Center,
NASA)

scale na(ulc of the lLrnar surface. Since the stnallcst
lunar fcalLlrc tclcscoi)ic:illy observable from tile Har(h
is sornc hun(it-c(is of meters in extent, methods other
than direct visual observation had to be used. Pho-

Flg. 10. Aristarchus-Harbinger region of the Moon, photographed from the Apollo  15
spacecraft in lunar orbit, with the craters Aristarchus  and Herodotus  and Schroeter’a
Valley, the largest sinuous rille  on the Moon. The Impact crater Aristarchus,  about 25 ml
(40 km) in diameter and more than 2.5 ml (4 km) deep, lies at the edge of a mountainous
region that shows evidence of volcanic activity. (NASA)
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Fig. 11. Lunar surface and
subsurface temperatures.

Fig.  12. Lunar patterned
ground, a common feature
011 moderate slopes.
(Larrg/ey  Research Center,
NASA)
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hloon seems to bc totally covered, to a depth of at
]cast Lcas of mctm’s, by a krycr ?f rubb]c and soi] Wittl
very peculiar op[ical and tbcnnal plopcrties.  ‘1’his
layer is called the regolith. I’hc ohscrvccl  optical and
radio propcrlics arc as follows. SFf. I’m)roh{tlrir’;  }’o-
I. ARl/tll I.[GII1 ,“ ~A[lA  R,’ ~ADIOhlt 7RY.

1. l’hc MOOII rctlects only a snlall porlion of dlc
light incident 011 it (the avcrtigc albecfo  of Ihc maria is
o n l y  7%1, darker t h a n  a n y  fatniliar o b j e c t  except

things like. soot or black velvet).
2. ‘f ’he full moon is more than 10 times as bright

as the half n}oon.
~. ,4t  full moon, the disk is almost cqrrally bright

all the way to the edge; that is, there is no “linlb
darkening” such as is observed for ordinary sphc]cs,
whctlm they bc specular 01 diffLlse rctlcctms.

4. color  variations arc slight; the Moon is a uni-
form clark gIay with a sn~all yellowish cast. Some of
the. maria are a litM rccklcr, some a ]itde bluer, and
these diffcrcnccs do corrclatc  with large-scale. surface
morphology, but the visible color differences are so
slight that they arc detectable only with special filters.
(Infrared spccttal  differences arc. tnorc.  proncmrnccd
and have provided a n~cthod for snapping variations
in the Moon’s surface composition. )

5. The Moon’s polarization propcrlics arc those of
a sLlrface covered completely by sn~all, opac]uc grains
in the size range of a fcw nlicromclcrs.

6. I’hc nmterial at the lunar surface is an cxtrmnely
good thermal insulator, bctlcr than the nlost porous
terrestrial rocks. I’hc cooling rate as measured by in-
frared ob~crvations during a lunar eclipse is shongly
variable; the bright ray craters cool more slowly tharl
their surroundings.

7. l’hc Moon crnits thermal radiation in the radio
wavelength rang, c; itltcrIJr-ct:it icJtls of this and the in-
frar-cd data yic]d estimates of sLlrface  and shallow
subsurface ternpcraturcs as shown in lrig. 11.

8. At wavelength.s in tbc nlctcr rirngc, the hloon
appc ars smooth to radar, with a cliclcctric constant
lower than tbal of most dry terl cstrial rocks, 1’0 cerl-
tirncter waves, the hfoon appears rather roLlgh, and at
visible light wavclcngtl)s it is cxtrerllcly rough (a con-
clusion from observations 1-5 above).

Fig. 13. Lunar SOH  and rocks, and the trenches made by
Surveyor 7. (Jet Propu/s/on  Laboratory, NASA)

Fig. 14. Crater showing appearance of upwelllng on its
floor. (Langley Research Center, NASA)

‘1’hese observations all point to a high]y porous or
undcrdensc structure for at least the top few nlillinw-
tcrs of the lunar surface material. l’he so-called back-
scattcr peak in the photometric function, which de-
scribes [he sudden brightening near full h400n,  is
cbaracte[ istic of surraces with deep holes or with
o(her- roughness elerncnts that arc shadowed when the
lighting is oblique.

I’hc Ranscr,  I,una, Surveyor, and I,trnar Orbiter
n)issions rnadc it clear that these strange electron~ag-
nctic properties arc generic characteristics of the dark-
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g,tay,  fine soil that appcrrrs  to mantle the entirr Moon,
sof[cllillg JIJOSI surt’ace cmntours and co~,cl ing every-
thing except occasional fields of rocks (Figs. 12 and
13). ‘1’his soil, wi[b a slightly cohesive character like
IIml of dalnp sand and a chenlica] composition similar
10 that of some basic silicates on the l,arth,  is a prod-
uct of the radialion, meteoroid, and thcrlnal environ-
ment al the lunar sLlrface. E’igrrrc 12 shows a surface
Icxturc, c~illc(i patterned ground, ti)at is common on
lilt nmcicratc  slopes of the Moon, “l’his wicicsi)rca(i
phcnmncnon  is uncxplainecij though there arc some
sill lilar SUI faces dcwclopcd  on the liartb when uncon-
soliciatccl rock, lava, or giacial icc moves downhill
bcnca[il an ovcrbLlrcicn. At many places on tim Mocrn,
there is unmistakab]c  evidence of downwar(i sliciing
or siumping of materiai and roiiing rocks. I’here arc.
also a few instances of apparent upweliing  (Fig. 14),
as well  as nunlctous “lakes” wi]erc rna(crial has col-
iecle(i in cicprcssions. Figures  15, 16, and 17 show,
at diffelcnt scaics, tile landing si{e of Sunvyor  7 nc:ir

tile .gIcat ray cra(er I’ycho (I;ig. 1). Sur)vyor 7 foun(i
the soil of tim higbian<is near ‘1’ycho to bc rockicl

Fig. 15. Region near tha craler Tycho,  including Surveyor
7 landing site. 20 km = 12 ml. (Langley Research Center,
NASA)

than, anti slightiy different in chctnical con~position
from, ti]e mare materials sampled by eadicr  SLlrvcy -
ors. J;igLnc 13 shows trcnch& nlacic in the lLlnar soil
during soii mechanics expc.rin~ents on Surveyor 7 .
Magtlcts on the Surveyors colicctcd magnetic pal~i-
CICS from the soii, dclnonstrating tile presence of ei-
lhcr meteoritic or native iron mincrais at the sites ex-
arnincci. Meteoroid expel-i tnents on the 1,unar Orbiters
sbowcd about the same flux of small particles as is
observed at the Iiarth, so that the lunar soii would bc
expcctcd to contain a represtmtativc sample of n~eteo-
ritic and possibly aiso cometary matter. Apollo resuits
con fin]]cd anti extended tile Sutveyo~  data and also
indica[cd tilat glassy particles are abundant in and on
tile soil. Iividcnce of micromctcoroid bombardment is
SCCII in tbc many glass-lined rnic~ocraters found on
lunal- rocks (I@. 18). St./  C;o,wi; kf~ I~o.R.

Chen]icai, rnincral, and isotopic analyses of nlin-
crais fr{om  tbc Apollo 11 site showed that mare rocks
tilcre are indeed of the basic i.gncous class and are
very ancien[ (3- 4 x 10Q years). I’he Apollo 12 san]-
idcs arc significantly younger, suggesting that blare

Fig. 16. Orbiter photograph of Surveyor 7 site. (Langley Research Center, NASA)

‘1’ranquillitatis  anti Oceanus PI oceliaru]o wm fot lned
ciot irvg a long and complex lunar history. I’hc Apollo
12 astronauts visited Swwyor  3 and brought back
parts of that spacecraft to permit anaiysis of the ef-
fects of its 2 %year- exposlnc  on tbc surface of the
Moon. I’hc lunar rock and soil samp]cs returned by
tile Apol10 and 1,una missions have yielded much ncw
information cm the con]position  and history of the
Moon, Among tbc dominant characteristics of these
rocks arc enrichment in rcfrtrctories, depletion in .vol -
atilcs, much evidence of repeated breaking up and re-
welding into brcccias,  and ages since solidification
extcrrciing back from the mare flows of 3-4 x 109
years ago in(o ti]c period of highland formation more
than 4 X 109 years ago, but not as yet inc]uding the
time of the. MOOII’S original accretion, Sonic char-
acteristics of ti]c lunar samples arc sun~rllari7cd in
‘1’able 4.

ln 1983 an All[arctic nmtcoritc v,,as found to rc.scn~-
blc some of ti]c lunar samples, and it was determined
by anaiysis to have come fton] ti~c h400n (Fig. 19).
Sfit MFlto.xIIt

As tile AIIoilo  missions progrcsscci, each new land-
ing site was selcctcd with the aim of eiucidatins  more
of tile Moon’s history. A maitl objective was to san-

Flg. 17, Surfac:e  view al Surveyor 7 site. (Jet Proprr/s/orr Laboratory)
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Fig. 18. Example of microcratering,  caused by hypervelocity  Impact of tiny particles, on
a dark-brown glass sphere. The diamater  of the sphere is approximately 0.75 mm, and
tho diameter of the Inner crater, inside the ralaed rim, is about 50 pm. This photograph
was taken through a scanning electron microscope.

o 0.5 in.
1’

; 1 crrl

Fig. 19. Meteorite collecled In Antarctica In 1982,
designated ALHA 81005, proved by analysls  to be a lunar
rock. (NASA)

Table 4: Some salected  data from Apollo and Luna mlsslons
— . .
Mission Main sample properties

-——— ..—. ..——

Apol/o  71,

APol/o  1 2

Apollo 13
Lurra 16’
Ape//o 74

Ape//o 75

Lena 20
APO//O 76

Ape//o 77

[ urra 24

plc CaCII  of tile geologic  units n)al)pd by  ICIIIOtC  ob -
servation, citlicr by landing 011 it or by collecting rna-
tcl ials naturally tt-anspol-lccl from it to the krmling  site.
Al[hough this process did result in collection of both

mare and highland materials with a wide range of

ages and cbcnlical compositions, it did not result in a
complete unraveling of (he history of the h!ocrn, Ap
parctitly, t h e  .gIcal inlpacts of 3-4 x  ]09 yC:lr*  ago

erased n}uch of the previous record, resetting radi{J-
aetive clocks and scrambling minctals of diverse oli -
gills into [he complicated soils and brcccias found to-
Lky.  ~) f SPAC[, Ff /[if/l.

Atmosphere. ‘1’bough the Moon niay at onc time
have contained apprcciab]c quantities of the vo]atilc
clcn~cnts and compounds (for cxan]]de, hydrop,cn,  hc-
]iUlll, argon, water, Slllfllr, and Carbon COIIIpOUI)dS)
found in mctcolites  anti on the I!atlh. its high daylimc

SLI1  faCC  tclllpcxaturc a n d  kNV glavity woLIki  c a u s e
rapid escape of the lighter elcnlcnts. Solar Ltltravio]ct
and x-ray iniidia[ion woLlki tend to bleak down vo]a-
tilc CO1llpOLllldS at the sLwfacc,  and solal charged-par-
ticle bon] bardn~cnt would ionize and swccy away
even the heavier gas species. C)bsel vat ions from the
liar-(h, lookiag,  for a twilight glow of the luna[ a[lllo-
sphcrc jLlst past the terminator on the Moon, and
watching rdio-star occ Llltations  have all been nega-
tive, scuing an Llppcr ]inlit of 10” 12 ti[tlcs the Itatlh’s

sea-level atrtlosihcric  cicnsity for any lLrnar gas envc-
]opc. ‘1’hcreforc, either tt)e ]Llnar vo]alile conlpoLInds
have vanished into space or they arc trapped bcncatb
the sLttfacc. I’hc samples rctLrt-ncd by Apollo arc cr)-
riched in rcflactory  clcmcnts,, clcpktecl in volatilcs,
and impregnated with rare gases frcnn the solaf wind,
No water appears to have ever been plcscnt at any
Apollo site, and carbonaccoLls  materials were pt-escnt,
if a[ all, only it} very small amounts.

Occasional luminescent events reported by reliable
observers sLIg,gcst  that SOIIIC  volcanic gases arc vented
frorti  ti]ne to till)c on the hloon, particularly in the
regions of the craters Aristarchos and Alphonsus.  A
sli@t,  transient atrnosphcrc dots exist orl the night
side of [he MOOII  as a KSUII of the tral)ping and rc-

Mare basalts, differentiated from melt at depth 3,7 x fOg
years ago. Somo crystalline highland fragrnonts in soils,
Unexpected abundance of glass Much evidence of impac[
shock and microcralcring. No water or organic materials.

Basalts 3.2 x 109 years old. C)ne sample 4,0 x 10g years
old includes granitic componont, Some samples wirb high
potassium, rare-earth elements, and phosphorus (KFIEE P)
may be Copernicus crater ejects

Spacecraft failure- no samples.
Basalt 3.4 x 10g years old, relatively high Al content.
Shocked highland basalts, probably Imbrium ejecla, 3,95 x

,.O years old, higher AI and lower Fe than rnarc materials.

Highland anorthosites including one samplo 4.1 x 10g years
old, mare basalrs sinlilar to Ape//o 71 samples.

Possibly Crisium ejects, 3.9 x 10g years old,
H[ghland anorthosite breccias 3.9 4 x 10g years old, also

possibly tmbrium ojocta.

Variety of basalts and anorlhosites 3,7-4 x 109 years old,
possibly volcanic glass, few dunite fragn]ents 4,48 x 10’
years old, possibly surviving from before the great highland
bonlbardmenI.

Very tow tiIanium basalt fro:n Mare Crisiunl, Sample includes
rock 3.3 x 10s years old.

—.

-. .—.
Other data

.—

Study of seisnlic properties showed low
background, much scattering, and tow
attenuation.

Surveyor parts returned showed effects of solar
and cosmic bombardment.

Despito emergency, some lunar pholos returned.

Deep moonquakes.

Orbital remote sensing began mapping of
surface compositions,

SeisnLic network began recorrhng locations of
impacts and deep moonquakos; orbital
con]positional mapping extended,

Orbital mapping, and study of scisnlic, particle
and-held, and subsurface electrical properties
yielded comprehensive (but still unexplained)
picture of Moon
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. kaw of gas mo]ccutes  at tbe vcr’y l ow  tcnlpctaturcs
plcvailin~, there; also frozcrr ]ic]uids or gases could cx-
isl in pc]-nmncn[ly  sbwhvcd  crater  hot[onls neal t h e
lunar poles. No cxpcrin~cnt  to dc[cct such accLtn~ula-
tions of volatilcs has been made, I,wmkhod  2, a So-
viet roving s]mcecraft, rncasurcd a slight glow attrib-
uted 10 a vcl-y thin cloud of sn)all parlicles near the
SUI face, w,bich could explain the Sul-vcyor  observa-
tions of a s]igh{ horizon ‘glow after sunset, Also, the
Al SIT (Apollo lunar sLlrface experiments packa?,cs)
cxpcr-imcnts landed by Apollo have occasion;il}y clc-
tcctcd wlrall gas Cnlanations, including water, from
unknown sources.

L u n a r  r e s o u r c e s .  ]jl)oLlg,b  is known about the

hloon to show that it is a hu~c stcrrchousc of metals,
oxygen (boLlnd into silicates), atd other rnaterial$ po-
tentially available for fulul-c hLrnlan  use in space. llc-
causc of Ihc Moon’s weak gravity, lunar materials
could be placed into orbil  at less than onc-twentic.th
of the cncrg,y cost for delivering them from liarth, At

the sites so far cxplord, no wattT exists, and the only
available hydrogen is the small amount inlplanteci  in
soil by ti~c solar wind. It will be a task for fLlturc
cxl)kma[ions to find the pcrlat- ices if they exist, to dis-
cover conccn(talion.s of rneleorilic or cometary nmle-
rials, and to investigate atypical geologic pbcnomcna
such as (be scc.rningly  volcanic regions. Any of tbcsc
sites lnigl~t yield additional trcasLmcs,  but it is already
known that the Moon could be an important ]csourcc
for humanity in space.

Jams D. Burke
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Iilloqe
An cvcwtocd  ungulate (Artiodactyla) which is a
n~crnbc!  o tbc deer family, ~ervidac.  Alces a/ces is

> ‘h~tbc largest me L cr of the family and ranges in the
boreal forested arcas,,throLlghout  North America and
in nor(bcrll Jiurasia. Ile ,~noose is known as the elk
in liuropc and is bclicvcd by. some authorities to be a
rtrcc of the Amer ican  moose  (A. americana).  ‘1’hc
adult male is 6 ft (1.8 m) high, weighs over 1200 lb
(550 kg), and has spatu]atc  antlers which o]ay be over
6 ft (1.8 n]) in width (SCC illus. ). The legs are long,
making the animal well-adapted for its feeding habits

‘\,
\.of wading for aq~atrc plants and browsing, on trees

and bushes. “l’he most live in small groups during

\
the summer but ten to forln larger groups for defense
(luring the winter,

\

‘rice they arc susceptible to pre-
datiotl from wolves nd even wolverines lXrring the
rutling scawm in the ,,eally fall, the male. gathers a
nurrlbcr of cows togctb~r, and mating takes place. Af-
ter a gestation pcr-iod d about 37 weeks, one or two(..
calves arc born. ‘1’hc ru~se 1s a blg-gme animal, bLit
bunting restrictions havc;helped to maintain its nun]-
bcrs; it is abundant in Canada and the northern United
States. Stt ARIICJr>ACIYIA. \

i Ctrarles B. Curtin
\,

Moraine \,

An accunmlation of glacial dc~)tis, usLMll  y till, with
distinct surface expression relat~,d to some forlncr ice
front position. Iind moraine, the ‘jnost connncrrr  form,
is an uticvcn ridge of till built iq front of or around
the terminus of a glacier margin), and reflects sonic
dcgtec of e.quilibriLml  between ra(c of ice motion,
supply of rock dcbr is at the ice front, tcrnpcraturc of
the glacier base, and shape and res}ftancc of under-
lying bcdrcrck (SCC illus. ). \

If an end n~oraine represents the farthest forward
position a glacier ever moved, it is a tcrlnina] nlo-
rainc. It dclnonstr;ites a steady-state cd,ndit  ion for a
per ioci of tinrc within the ice body wbcrr ,constant  for-
ward motion is balanced by frontal nIc\ting; and a
continual strpp]y of debris, as on an endless conveyor
belt, is brotlgb[ forward to the g, Jacicr tcrln~{lLls. If tbc
ice front then melts farther back than it n~oves  for-
ward, till is spread Lmevcnly  over the land as ground
rnor”ainc.  If a rctreatal position of steady -stat~,,cqLrilib-
rium is rnailltaincd again, a recessional n~orai\le may
be constrLrctcd,

A variety of moraines transverse to the icc-flrhv  di-
rection  arc known. If it can be prove.d that a scr;~s of
small recessional rnoraincs are yearly deposits, \hcy
arc callccl annual moraines. ICC n):iy ovcmidc pr~,vi-
OU$]Y deposited groLrnd  moraine and pLlsh  till {nto
ridges, Sornc  nloraines may bc ridges of till stackckl
LIp on top of each other. A ?onc of stagnant i&
around a glacier margin may prodLrcc a series of nlo~,

The male moose, disl!in-
gulshed  by his “Romsn”
nose, overhanging upper
lip, beard, end spetulata
antlers.


